Summary. Canine distemper, a naturally occurring viral disease of dogs which often terminates in parainfectious demyelination, was used as a model to study the role of acid proteinase, neutral proteinase and beta-glucuronidase in demyelination. These enzymes were higher in cerebella of dogs with distemper-associated demyelination than in age-matched controls. The highest elevations corresponded with the most severely demyelinated cerebella. The source of the increased enzymes activities was apparently unrelated to the lymphocytes present in areas of demyelination.
Introduction
The biochemical breakdown of myelin in etiologically unrelated demyelinating diseases appears to procede by common catabolic processes (Eto etal., McMartin etal.) . Cholesterol, galacto] ipids and ethanolamine plasmalogen, which are relatively concentrated in myelin (Norton and Autilio, 1966 a; Horrocks) , are lost from demyelinated white matter (Gerstl etal., Norton et al., 1966b ; Svennerho]m; Howell et al., 1964 Howell et al., , 1969 . Concentrations of esterified cholesterol often increase drastically in demyelinating white matter from the minute levels found in normal adult brain (Norton et al., 1966b; Svennerholm; Howell et al., 1964) . Plasma-* Supported in part by Research grant Nos. GM 1052 and A1-09022 from National Institutes of Health Service, U.S. Public Health Service. logenase activity was shown to be increased in partially demyelinated white matter resulting from multiple sclerosis (MS) in a human patient, avitaminosis B12 in monkeys (Ansell and Spanner, 1968) and canine distemper infection in dogs (McMartin et al.) .
Myelin protein is also destroyed during demyelination (Einstein et al., 1970) . Brain tissue contains at least two enzymes, acid and neutral proteinasc (Marks and Lajtha, 1963: 1965) , which may hydrolyze myelin protein. In addition, betaglucuronidase, a lysosomal enzyme, has been associated with demyelination (Paterson and Steele; Long et al. ; Allen and Reagen, 1964) as well as with other inflammatory processes where phagocytosis in prominent (Allen, 1961 ; Meijer and Wiliighagen) . Distemper-associated demyelination was used as a model in an attempt to clarify the role of proteinases and lysosomal hydrolases in the process of demyelination. This disease has many virological and morphological similarities with subacute selerosing panencephalitis (SSPE) and possibly with MS (Kocstner and Long, 1970a) . In vitro experiments suggest that demyelination in distemper and MS is related to autoimmunity (Koestner et al., 1970b; Bornstein and Appel, 1965 ; Lumsden) . Several factors may account for enzymatic changes in the nervous tissue of dogs with distemper-associated demyelination. Perivaseular lymphocytes may be a source of enzymes, or the enzyme changes may be directly related to the effect of distemper virus (Storts et al., 1968) or myclinotoxic serum (Koestner et al., 1970 ) upon brain cells. The enzyme content of isolated lymphoeytes can be readily measured but secondary changes, not related to canine distemper virus (CDV) or myeHnotoxic serum, may mask any enzymatic changes produced in brain cells by virus and serum. Enzyme changes resulting from the effects of CDV and myelinotoxie serum can be readily evaluated through the use of primary monolayer cultures of canine brain. The cells, which can be grown in quantities sufficient for biochemical determinations, retain many of their in vivo morphological characteristics and are susceptible to injury caused by CDV infection.
Finally, any enzyme changes found in demyelinating brain may be nonspecific events that occur whenever nervous tissue is damaged. Isehemie necrosis was selected as another form of tissue damage to determine whether altered activities of these enzymes are restricted specifically to demyelination. Cerebral ischemia is easily produced by ligation of one carotid artery in a gerbil (Levine and Payan, 1966) . The resultant infarction presents at least two types of tissue reaeNon in which enzymes can be measured: uncomplicated isehemic necrosis occuringsoon after ligation, and invation of maerophages to digest necrotic several days later.
The first objective of this study was to determine whether the activities of acid and neutral proteinase and beta-glucuronidase are increased in the cerebellums of dogs with distemper-associated demyelination in comparison to normal dogs. The second objective was to evaluate the source and significance of the enzyme changes found in demyelinated tissue. This was attempted in 3 ways: 1. by comparing the content of these enzymes in isolated lymph node cells (lymphoeytes) With the enzyme changes found in severely demyelinated tissue; 2. by measuring these enzyme activities in canine glial monolayer cultures infected with CDV or exposed to myelinotoxie serum and comparing them with the levels of activity in uninfected and unexposed control cultures; and 3. by assessing the activities of these enzymes during enzyme changes with demyelination.
early and late cerebral infarction and comparing any enzyme changes previously demonstrated in areas of
Material and Methods

Dogs
Dogs with clinical signs of distemper-associated demyelination were anesthetized with intravenous sodium pentobarbital and exsanguinated. A 0.5 cm transverse slice was taken from the middle of each cerebellum, divided into blocks of about 0.5 g each and stored at --50 ~ C. Adjacent tissue was fixed in neutral buffered formalin, embedded in paraffin, sectioned at 6 V, stained with hematoxylin and eosin (H & E) and Luxol fast blue-periodic acid Schiff (PAS) and examined histologically. Cerebellar tissues from control dogs, which were free from clinical signs of distemper, were obtained and treated in an identical manner. Intranuclear inclusion bodies pathog~omonic for canine distemper and areas of demyelination were demonstrated in all diseased dogs and were absent from control dogs.
Tissue blocks from diseased and control dogs were paired so that the age of the dogs and the visually estimated ratio of white to grey matter in the tissues were nearly the same. 
Canine Lymphocytes
A normal dog weighing 25 kg was killed by electric shock and both popliteal lymph nodes were removed immediately. The lymph nodes were cooled at 4~ and subsequent manipulations were performed at 4 ~ C. The lymph nodes were minced with scissors, suspended in 5 ml normal saline and centrifuged 4 rain at 800 RPM (160 g). The supernate was decanted and the pellet resuspended in 5 ml saline. Debris was allowed to settle out for 4 rain and the supernate was then decanted and saved (Billingham). The processes of centrifugation, resuspension and sedimentation were repeated once more. The entire procedure yielded 185 million cells which were relatively free of foreign material as judged by light microscopy. Triton X-100 was added to a concentration of 0.20/0 and the cell suspension was frozen, thawed, homogenized and assayed for enzyme activities.
]Ft onoIayers
Monolayers were prepared according t~ the method described by Storts et al. (1968) from cerebral hemispheres of newborn puppies. Leptomeninges and the choroid plexus were removed before the hemispheres were homogenized. The following alterations in media were made: the initial medium contained 2~ of the stock 8.80/0 NaHC08; the second (maintenance) medium (changed at 6 days) contained 21/2~ of the stock NaHCO~ and 71/20/o fetal calf serum (FCS); the third medium (changed 1 week later) contained 3~ of the stock NaHCOs and 5~ FCS. The monolayers were grown in 100 ml prescription bottles and in Leighton tubes. Betaglucuronidase and acid and neutral proteinases had the same pit optimums in both the monolayer cells and the canine cerebella (unpublished data).
Virus In]ected Monolayers
Six day-old cultures were infected with the Lederle strain of canine distemper virus. The virus was previously adapted to gIiaI monolayers by 3 serial passages in these cells and stored at --70~ (Koestner and Long, 1970a) .
The viral titer was 102 tissue culture infective doses (500/0 infectivity) per ml as indicated by the cytopathic effect (eosinophilie intranuclear and intracytoplasmic inclusion body formation and giant cell production) in cerebral monolayer cultures 21 days after inoculation. Each bottle was infected with two ml of virus suspension and each Leighton tube with 0.2 ml of virus as described by Storts et al. (1968) . Control cultures were inoculated with the same volume of an uninfected cell suspension. The medium was changed every 7 days post-infection (p. i.).
Cells from 3 infected and 3 control bottles were collected i, 2 and 3 weeks p.i. which are times that represent significant stages in the viral replicative cycle (Koestner and Long, 1970a) . The medium was removed at these times, centrifuged for 10 rain at 160 g and the supernate assayed for beta-glueuronidase activity. The monolayer was rinsed two times with 2 ml saline, allowed to drain in a vertical position for 2 rain, frozen, and thawed again. Two ml of 0.2~ Triton X-100 was added, the cells were scraped loose with a stainless steel spatula and the suspension poured into an all glass homogenizer. The bottle was rinsed with an additional 2 ml of 0.2~ Triton X-100. This procedure removed essentially all of the cells in a monolayer. The cells were then homogenized and cells from each bottle assayed separately for enzyme activity. Coverslips from the Leighton tube cultures were collected at the same as the bottles, fixed in Bouin's solution, stained with hematoxylin and eosin (H & E) and examined microscopically.
Myelinotoxie Canine Serum on Monolayers
Serum was aseptically collected from normal dogs and from dogs with clinical signs and lesions of distemper-associated demyelination. The serum was stored at --50 ~ C. The criterion for myelinotoxicity was the ability of the serum, at a concentration of 25~ to demyelinate myelinated canine cerebellar explants grown on collagen-coated coverslips in Leighton tubes (Koestner et al., 1970b) . Control serum lacked any in vitro toxic effect on myelin. The myelinotoxic serum was pooled from 3 dogs and the control serum from 4 dogs. These pooled batches of sera will hereafter be called distemper and control sera.
Canine serum was added to the maintenance media described above at a concentration of 19 ~ replacing an equal volume of Hank's balanced salt solution containing 0.5 ~ lactalbumin hydrolysate (Storts et al., 1968) .
A second batch of canine cerebral monolayers was started as described above. After 6 days in vitro growth the initial medium was replaced with maintenance media containing canine serum. The monolayers were incubated for 2 h at 37 ~ C and then 0.2 ml of guinea pig complement was added to each bottle and 0.04 ml to each Leighton tube. Extra complement was added to maximize the opportunity for any complement-dependent reaction to occur in the cultures. Cells from 8 control cultures and from 8 cultures with distemper serum were collected and homogenized separately as described above at 1, 3 and 5 days after the media with dog serum had been added.
The results from the monolayer culture experiments were statistically evaluated by the Student t-test (Freund et al.) .
Cerebral In/aretion
Mongolian gerbils (Meriones unguiculatus), 21/2 months of age, were obtained from Chick Line, Vineland, New Jersey. The gerbils were anesthetized with ether and their right carotid artery was ligated twice. The skin incision was closed by sutures and the gerbil placed in 34 ~ C environment for 1 h. Animals were examined frequently for neurological signs during the first few hours after ligation and sporadically thereafter. Neurologic evidence of infarction developed and persisted in 20 of the 39 animals following ligation. Most of the remaining animals had signs of cerebral ischemia during or immediately after recovery from anesthesia, but all appeared normal 20 min later. Of the animals which "recovered", 14 were subjected to nitrogen gas inhalation for 1/2 to 1 min. This additional treatment, which did not cause the animals to become comatose, induced cerebral infarction (verified by histopathologic evaluation) in 5 more animals. The gas was administered by holding a hose from which compressed nitrogen gently flowed directly in front of the gerbil's nose. Animals died or were killed following ether anesthesia 1, 2 and 24 h and 10 days after ligation and their brains were removed immediately (see Table 6 ). Gerbils with "nitrogen-aggrevated" infarction were included only in the 24 h group (one) and in the 10 day group (three). Gerbils lacking signs of infarction or which died or were killed at times other than those in Table 6 were not included in the study. A 2 to 3 mm transverse slice was taken from the center of the cerebrum and prepared for histological examination as described for canine cerebella. The remaining cerebrum was separated into right and left hemispheres and stored at --50~ until assayed for enzymatic activity. The cerebral hemispheres were homogenized in 0.2~ Triton X-100 and both hemispheres from each animal were assayed simultaneously for enzyme activities. Enzyme activities were statistically evaluated by the Student t-test for paired samples (Freund et al.) .
Enzyme Assays
Acid and neutral proteinase were measured by the procedure of Marks and Lajtha (1963, 1965) 
Results
Canine Cerebella
Acid and neutral proteinase activities were significantly higher in the cerebellums of the diseased dogs than in cerebella of control dogs (Table 1) , while total protein content was essentially the same in both groups. The increase (119 ~ ) of beta-glucuronidase activity was statistically significant (P < 0.05) if enzyme activities of the distemper tissues were first calculated as percent of their paired controls or if pairs from the least demyelinated tissue ("~-" group, Fig. 1 ; see below) were not included.
Enzyme activities were highest in tissues with most severe demyelination (Fig. 1) . The severity of demyelination was determined microscopically and graded as "~-, + ~-and -~ -~ ~-", according to the extent of demyelination. Tissues of the "-~" group had only one or two small loci of demyelination but up to 30 ~ of the myelin was lost from the "+ ~-+" group (Fig. 2) . The cellular composition of the "++ +" lesions indicated that demyelination was more recent in some animals than in others. The earliest demyelinating lesion contained primarily gitter cells and plump astroeytes. Numerous, thick perivaseular cuffs consisting of lymphocytes were present in older lesions ( Fig.2 and 3) . Fibrous astrocytie scarring predominated in the most chronic-appearing lesion of the "+++" group of tissues. The latter lesion contained occasional glial foei and only minimal perivascular infiltration of inflammatory cells.
Lym phocytes
The enzyme content of l0 s cells isolated from lymph nodes of a normal dog was 4 to 20 times less than the mean increase of enzyme activity in the most severely demyelinated cerebella (Table 2 ). The tissue of group "~-+-~" that was most densely infiltrated with lymphocytes was estimated to contain 10 s lymphocytes Fig. 1 . Enzyme activities grouped according to sevity of demyelination. Least severely demyelihated tissue is indicated by"+" and most severaly by "4-4-@". Activities of each demyelinated tissue were first expressed as percentage of its control activity and then the mean (solid bar) and standard error of mean (verticle lines) of these percentages were obtained. The number of paired tissue in each group is indicated below the bars per co (or gram) of tissue by counting these cells in Fig. 3 , multiplying by the magnification and dividing by the section thickness (5 ~z) and the area in the photograph. 
CD V In/ected Monolayers
Biochemical changes resulting from virus infection were not detected in cultured brain ceils before 14 days p.i. (Table 3} , I n ~he control cultures, protein content and acid proteinase and beta-glueuronidase activities increased to near maximum levels at 14 days and then remained constant for the next week. At 14 days, and more so at 21 days, protein content and enzyme activities decreased in the infected cultures. These decreases were concurrent with cellular degeneration and gradual cell loss. These CDV-indueed degenerative changes were described by Storts et al. (1968) and by Gibson.
Virus infected cells released a greater proportion of their total beta-glucuronidase content into the culture medium than did control cells (Table 4) . The beta-glucuronidase activity of the medium was 20 nmoles/h/culture when the medium was added to the culture and increased 2-to 3-fold during the next 7 days of incubation. Proteinase activities in the medium were too low to be readily detectable above the high background due to amino acids present there.
Distemper Serum on Monolayers
Incubation of cerebral monolayers with distemper serum decreased the activity of all three enzymes by the third day (Table 5) . By 5 days neutral proteinase and beta-glueuronidase activities of cultures with distemper serum had returned to control values. Acid proteinase activity had not yet reached control levels by this time. The protein content or morphological appearance of cultures was not significantly affected by the type of serum in the incubation medium. Beta-glucuronidase activities were 0.016 nmoles/ml in control medium and 0.009 nmoles/ml in the distemper medium before incubation. 
Cerebral Infarction
Enzyme activities were not significantly altered by uncomplicated ischemic neurosis at 1, 2 and 24 h following arterial ligation (Table 6 ). Decreased protein concentration during this time reflects the presence of cerebral edema (Plum et al.) . Infarction first appeared microscopically as nuclear pyknosis and cytoplasmic vacuolation at two hours and was prominent at 24 h after ligation. Leueocytie invasion did not occur within 24 h. Development and persistence of severe neurological signs was interpreted as evidence that cerebral infarction was present in those gerbils that died or were killed before detectable lesions developed. These signs, which included rapid circling, twisting of the head and trunk and rolling (all to the right), often terminated in myoclonic seizures. They were followed by a few minutes of motor inactivity. Affected gerbils that livid longer than two hours developed massive ischemic necrosis of their right cerebral hemisphere (Fig. 4) .
Acid proteinase and beta-glueuronidase activities were greatly increased in infarcted cerebral hemispheres 10 days after arterial ligation. Protein concentration proteinase activities in these hemispheres were not significantly altered. Necrotic tissue of the 10 day-old infarcts, which involved 1/~ to 1/3 of the right cerebral hemisphere, was i n v a d e d and essentially replaced by m a n y particleladen maerophages. Neurological abnormalities in this group of animals were limited to lack of vision in the left eye and a t e n d e n c y to t u r n left more often t h a n right.
Discussion
Beta-ghicuronidase and acid a n d neutral proteinase activities were elevated in demyelinated tissue above the levels found in normal cerebella from dogs of the same age. Pairhlg the diseased dogs with a control dog of the same age simplified i n t e r p r e t a t i o n of the results b y minimizing m a t u r a t i o n effects on brain enzyme activities (Robins et al., 1961 b) . M a t u r a t i o n decreased activities of these 3 enzymes in rat brain (Robins et al., 1961 b; Marks and Lajtha, 1970) and beta-ghieuronidase in the cerebella of our control dogs (r = 0.72, P < 0.02).
The finding of elevated acid and neutral protcinase activities in the most severely demyelinated tissue strongly suggests that both proteinases contribute to the demyelinations process by degrading myelin proteins. Acid proteinase can degrade the basic (eneephalitogenic) protein of myelin (Einstein et al., 1968) . Since acid proteinase activity was increased, and basic protein decreased, in the actively demyelinating border of MS plaques, Einstein et al. (1970) suggested that this enzymes initiates autoimmunity by cleaving basic protein and allowing the eneephalitogenic products (Nakao and Einstein) to reach immunoeompetent cells. We obtained preliminary evidence that neutral proteinase can also degrade a crude isolate of basic protein (unpublished results). Neutral proteinase activity was increased in peripheral nerve and spinal cord undergoing Wallerian degeneration (Hallpike et al., Porcellati, 1966 at a time when maerophages and proliferated Schwann cells were present (Greenfield and Meyer; Robins, 1961a) . Neutral proteinase, however, may degrade myelin directly in the absence of phagocytosis since this enzyme is partially located within myelin (geikkinen et al.) .
The elevation of beta-ghicuronidase in the most severely demyelinated tissues (groups "+ +" and "+ + +") was probably related to the presence of inflammation and/or phagocytosis. Highest beta-glucuronidasc activities were found in the most severely inflamed (most caudal) portions of the spinal cords of rabbits with EAE (Arnaki and Wcissbarth) and were correlated with the appearance of phagocytic cells during Wallerian degeneration (McCaman and Robins, 1959; Robins, 1961 a) .
The lymphocytes present within perivascular cuffs can probably be excluded as a significant source of the increased enzyme activities in demyelinating tissue. Our comparison (Table 2 ) may be misleading because these lymphocytes from normal lymph nodes were not sensitized and had not undergone blastogenic transformation. We observed, however, that tissues with few lymphocytes had enzyme activities similar to tissues with many lymphocytes.
The in vitro studies using canine cerebral monolayer cultures suggest that the actions of canine distemper virus and myelinotoxic serum on glial cells were not the immediate cause of the increased enzyme activities found in severely demyelihated cerebellums. The protein content and enzyme activities of infected monolayer cells were less than in non-infected cultures. Microscopically visible cell damage undoubtedly caused much of the protein and enzyme loss in infected cells. Distemper virus may also act similarly to other viruses (Levintow) and inhibit protein synthesis in infected cells. An inhibition of protein synthesis in oligodendroglia by distemper virus would upset the dynamic balance of protein formation and degradation by which these cells maintain normal myelin (Smith). Demyelination would then proceed without increased activity of catabolic enzymes. Virus infection may also activate the neutral proteinase which is located within myelin (Riekkinen et al.) . This possibility could not be excluded because myelin was not present in the monolayers.
Distemper virus infection may also damage cells by release of preformed lysosomal hydrolases as suggested by our results in Table 4 . Release of hydrolases from lysosomes ("activation") has been reported in other virus culture systems (Allison and Sandelin; Allison and Maltueei; Sato et al., Sabesin e~ al. ; Mallucci and Allison) . Inhibition of protein synthesis did not affect enzyme release which suggests that viral infection causes a redistribution rather than de novo synthesis of lysosomal enzymes (Mallucci and Allison). Beta-glucuronidase released from brain cells in vivo by distemper virus may contribute to the high activity of this enzyme in cerebrospinal fluid of dogs with distemper-associated demyelination (Long et al.) .
Serum from dogs with distemper-associated demyelination also depressed enzyme activities of cerebral monolayer cells. The apparent recovery of enzyme activities at 5 days from a minimum at 3 days may have resulted from spontaneous deterioration of complement (Humphrey and White) and/or other serum factors.
The identity of the toxic agent in distemper serum is unknown. The measured inhibition did not result from serum factors directly inactivating the enzymes because such inactivation should have been detectable within 1 day. Although the sara used in this study were not assayed for viable virus, it is safe to assume that they did not contain any virus. Samples of sara used previously on myelinated cultures did not produce any evidence of viral infection although the cultures were maintained for more than 2 weeks after the serum was removed to test for remyelination. Appel (1969) was not able to detect distemper virus in the serum of dogs at the same stage of disease as the dogs from which the myelinotoxie serum was obtained. Finally, infection of similar cultures with a high titer of CDV did not produce morphological or enzymatic changes at 7 days p.i.
Several factors, including antimyelin antibody, could have been present in the distemper serum. Complement dependent factors capable of destroying myelin in vitro have been found in sara from patients with MS (Bornstein and Appel, 1965; Kim et al. ; Lumsden) , from animals with EAE (Bornstein and Appel, 1961, 1965) and in some distemper sera (Koestner et al., 1970b) . Kim et al. isolated a myelinotoxic factor from I~IS plaques. Complement dependency was assumed because heating the extract at 56~ for 30 rain abolished texieity. This treatment does not rule out the presence of lymphotoxin (Lawrence and Valentine). Sera from MS patients contained another toxic agent which withstood heating at 56 ~ C for 45 rain and inhibited RNA synthesis in lymphocytes (Stjernholm et al. ; van den Noort and Stjernholm) .
Unilateral cerebral infarction was employed to determine whether degenerative lesions other than demyelination would result in increased enzyme activities. Uncomplicated ischemie necrosis occurring within 24 h after arterial Iigation did not increase activities of beta-glucuronidase, acid and neutral proteinase above levels in the control hemisphere (Table 6 ). This confirms the results of Clendenon et al. who found that lysosomal enzymes were neither increased nor released from lysosomes ("activated") early enough to cause the cell damage found in anoxie-isehemie rats. These findings indicate that the increase of enzymes, especially neutral proteinase, in demyelinating tissues (Hallpike et al.) did not result from non-specific factors injurious to glial cells.
The statistically significant increase of beta-glucuronidase activity between 1 and 2 h and of acid proteinase activity between 2 and 24 h in the control hemisphere may be related to the convulsive seizures experienced by these animals.
Neutral proteinase activity was not elevated in the 10 day-old lesions. The white matter was relatively free from lesions in this group of animals. Hence, white matter necrosis did not obscure the finding that macrophage invasion did not affect neutral proteinase activity.
The increase of beta-glucuronidase and acid proteinase activities 10 days after ischemia correlated with and was probably due to the presence of maerophages within the area of infarction. This indicates that increased activities of these lysosomal enzymes during demyelination are nonspeeifie findings present whenever maerophages invade and digest previously damaged tissue (Meij er and Willighagen; Cohn and Benson). Lysosomal enzymes of macrophages could, however, initiate
